Range Doppler velocities derived from the Envisat advanced synthetic aperture radar (ASAR) wide swath images are analyzed and assessed against the numerically simulated surface current fields derived from the finite volume coastal ocean model (FVCOM) for the Changjiang Estuary. Comparisons with the FVCOM simulations show that the European Space Agency (ESA) Envisat ASAR based Doppler shift anomaly retrievals have the capability to capture quantitative information of the surface currents in the Changjiang Estuary. The uncertainty analysis of the ASAR range Doppler velocity estimates are discussed with regard to the azimuthal and range bias corrections, radar incidence angles, inaccuracy in the wind field corrections and the presence of rain cells.The corrected range Doppler velocities for the Changjiang Estuary area are highly valuable as they exhibit quantitative expressions related to the multiscale upper layer dynamics and surface current variability around the East China Sea, including the Changjiang Estuary.
Introduction
It is highly necessary to have a good regular observing system for a high resolution (about 1 km) surface current measurements. From an economic, ecological and hydrodynamic point of view, such data are also of utmost importance for assimilation in ocean and shelf circulation models in order to provide adequate predictions of the continuous changes of the estuary. Several technologies are currently used to monitor the sea surface currents, including current meter moorings, drifters, acoustic Doppler current profilers (ADCP) as well as remote sensing methods from satellites and ground based high frequency radar (HF) systems. These instruments and technologies have their inherent strength and limitations as discussed by Pandian et al. (2010) . Geostrophic currents on a spatial scale of 25 km retrieved from a satellite altimetry (Kerbaol and Collard, 2005) , for instance, are now being applied routinely in global and regional circulation models. However, in coastal regions the resolution is too course which thus limits the use of this method. High-resolution imaging radars, on the other hand, have demonstrated promising capabilities for the retrieval of surface current estimates on scales from 2 to 10 km (Chapron et al., 2005; Johannessen et al., 2008; Romeiser and Thompson, 2000; Rouault et al., 2010) . Two methods have emerged notably the along-track interferometry that requires a split antenna (Romeiser and Thompson, 2000; Romeiser et al., 2010; Thompson and Jensen, 1993 ) and the single-antenna SAR Doppler technology (Chapron et al., 2005) . In both cases, the basic concept originates from the fact that every detected moving target produces a Doppler frequency shift proportional to its relative velocity towards the radar platform. Chapron et al. (2004) pioneered the single-antenna Envisat ASAR Doppler measurements of moving ocean surfaces, to extract and analyze the line-of-sight radar-detected velocity of the ocean surface roughness (small-scale disturbances such as capillary waves). Furthermore, they showed that the Doppler centroid anomalies recorded by the ASAR are of a geophysical nature. The resulting Doppler anomaly contains information solely related to the motion of the sea surface roughness elements, which reflects the combined action of wind, waves and currents. The corresponding SAR range Doppler surface current measurements have been successfully applied to distinct surface current regimes, e.g. the Agulhas Current (Johannessen et al., 2008; Rouault et al., 2010) , the Gulf Stream (Chapron et al., 2005) and the Norwegian Atlantic Current . The SAR will therefore have an increasingly important role to play in quantitative studies of ocean surface current features. The development of the SAR Doppler technology, moreover, offers new possibilities to observe and model mesoscale oceanic processes and coastal current phenomena.
The Changjiang Estuary is built out by fluvial deposits, shaped by tides and river runoff. It is a third-order bifurcated system, with four outlets to the East China Sea (ECS). The estuary water depth varies from 5.0 to 50.0 m (Fig. 1) . Its tides are typically semidiurnal. Both natural (deposition of fluvial sediment, tides, waves, saline water intrusion, and river runoff) and anthropogenic (reservoir construction, deep water navigation channel and its guide bunds, large-scale water storage basin, land reclamation) factors contribute to the local changes of the coastlines, topography and estuarine morphology, and hence also the hydrodynamics of the estuary and the adjacent coastal area. The Changjiang estuarine and coastal waters constitute a mixed environment with fresh, brackish and salt water, sediments, nutrients, and other substances, and with physical phenomena, such as estuarine circulation, turbidity maxima, mouth bar formation and marine fronts (Li et al., 1994; Wu and Zhu, 2010) . A dominant regional driving mechanism for the Changjiang Estuary comprises the movement of the Changjiang Diluted Water (CDW) through the estuary and over the inner shelf of the ECS, as well as related physical factors such as tides, waves and seabed topography. In addition, coastal engineering works (e.g., the deep waterway project, reclamation projects and reservoir building) have significantly changed the local coastlines and topography (Yang et al., 2006) , and hence the corresponding hydrodynamics.
Around the Changjiang Estuary and the inner shelf of the ECS, an integrated high-resolution numerical model system based on the finite-volume coastal ocean model (FVCOM) has been implemented with the aim to resolve the multiscale dynamics, including regional, shelf and estuarine circulations (Ge et al., 2012; Ge et al., 2013) . The core of this simulation system is a Changjiang Estuary FVCOM hydrodynamic model. It is forced with realistic input data on the outer circulation in the ECS, and a finite-volume dike-groyne treatment algorithm is incorporated to reveal the hydrodynamics around the coastal structures in the river mouths (Ge et al., 2012) . This model system has been validated against various field observations, yielding promising results (Ge et al., 2013) . The numerically simulated velocities are therefore used to intercompare and validate the sea surface current measurement retrieved from the ASAR WSM data.
In this paper, we briefly present data and an approach to derive geophysical range Doppler velocities. The simulated velocity fields derived from the validated unstructured-grid FVCOM that provides excellent downscaling capabilities to recover the high-resolution dynamics in the Changjiang Estuary are also presented, followed by an intercomparison and assessment of the range Doppler velocity fields. Finally, we give the conclusions and an outlook.
Methods
The ASAR data acquired in the Changjiang Estuary are from the European Space Agency (ESA) Envisat advanced synthetic aperture radar (ASAR) and involve medium-resolution wide swath mode (WSM) scenes. The ASAR WSM imagery is systematically generated using the ScanSAR technology and processed to 150 m resolution with a swath width of approximately 420 km spanning a range of incidence angles from 16° to 43° relative to the surface normal. Over the Changjiang Estuary, one descending ( Table 1) .
The Doppler centroid frequency of the SAR signal f Dc is a key input parameter to the processing of ASAR data. For the ASAR WSM data, the fine Doppler centroid, or the fractional pulse repetition frequency (PRF) part of the Doppler centroid, is determined by Madsen's algorithm (Madsen, 1989) , since it is simple to implement and computationally efficient. Then a refinement of the fractional Doppler estimation is derived using Look Power Balancing technologies (Michael, 1996) . The PRF diversity method is applied to different beams in order to resolve the Doppler ambiguity (Chang and Curlander, 1992) . A systematic grid of Doppler centroid frequencies contains 100 pixels in a range direction and a given number in an azimuth direction depending on the scene coverage. The cross-track pixel spacing in the range direction is about 9 km in near range and 3.5 km in far range, while in the azimuth direction the spacing is about 8 km.
The satellite along-track velocity relative to the rotating earth induces a frequency shift f Dp . The Doppler orbitography and radio-positioning integrated by satellite instrument (DO-RIS) is a microwave tracking system that can be utilized to determine the precise location of the Envisat satellite. The Envisat restituted attitude file (AUX_FRA_AX) is handled automatically by the orbit propagation CFI software (Envisat CFI Software). This file contains the AOCS parameters and information about the attitude of the spacecraft (roll, pitch and yaw). Therefore, the f Dp and footprint geolocation parameters can be accurately calculated for any look angle and any orbit time using the CFI software.
The estimation error f err , such as antenna mispointing, radial discontinuities, areas of low signal-to-noise ratio (SNR), strong discrete targets and Doppler estimator bias, that contaminates the geophysical Doppler shift information, must be eliminated first (Chapron et al., 2005; Dagestad et al., 2010; Johannessen et al., 2008; Mouche et al., 2012) . It is worth mentioning that the spatial corresponding relationship between Doppler grid and backscatter scene can be determined by the geolocation grid annotation data set (ADS) in the metadata of ASAR products (Fig. 2) . Moreover, the Doppler block size in the azimuth direction is defined from first zero Doppler time to last zero Doppler time, in the range direction it is 356 divided by the rate of range sampling and this rate is given in the main processing parameter ADS in the metadata of the ASAR. Considering that the average elevation of Shanghai in the Changjiang coastal delta is only about 4 m above the sea level, the error in the Doppler frequency introduced by this topography will be negligible. Therefore, as long as there are enough land pixels for each range line number of the scene, the land will always be a good reference source to remove the biases due to the deviation of actual radar beam pointing angle and the theoretical pointing angle . The scenes from the adjacent orbits/acquisition time are therefore selected as reference data to remove the Doppler anomaly biases depending on an elevation angle. The ASAR WSM image on February 3 2005 with sufficient land pixels is applied to remove the Doppler biases of the ASAR WSM scenes on 31 January and 5 February 2005; while the ASAR on May 12 2006 is used to remove the biases of the ASAR on 9 May 2006. The details of the Doppler centroid anomaly are given by .
Wind-induced streaks are manifested in the ASAR scenes used in this study. Consequently, the wind directions can be directly derived from the ASAR images using 2-D fast Fourier transformation (FFT) in the spectral domain (Gerling, 1986; Horstmann et al., 2004; Lehner et al., 2000; Vachon and Dobson, 1996) . Hence, with the wind direction derived from the ASAR data, the wind speed can be reliably retrieved using a C-band model (CMOD4) together with the known geometry parameters (e.g., the incidence angle and the azimuth angle with respect to the wind direction). In turn, the ASAR derived-wind vectors employed in combination with the C-band Doppler shift (CDOP) function (Mouche et al., 2012) yields an estimation of the wind contribution to the retrieved range Doppler velocities. This wind-induced contribution f w is then removed from the Doppler centroid anomaly.
The geophysical Doppler anomaly f g can be obtained with the following Eq. (1) and converted with Eq. (2) to the surface current fields:
where k E is 112 m −1 for the radar wavelength of 5.6 cm of the Envisat ASAR instrument; and θ denotes the incidence angle.
Results
Figures 3, 4 and 5 show f Dc , f Dp , the raw Doppler anomaly (f Dc −f Dp ) and the geophysical Doppler centroid anomaly f g from ASAR WSM image acquired over the Changjiang Estuary on 31 January 2005, 5 February 2005 and 9 May 2006, respectively. The large variability of the raw Doppler centroid anomaly is observed (Figs 3c, 4c and 5c), even over land where the Doppler centroid anomaly should be 0. The strong normalized radar cross-section (NRCS) gradient along the azimuth direction is one of the main sources of bias in the Doppler estimation and is particularly pronounced along the coastline in all three cases considered. Moreover, the erroneous Doppler frequencies aligned in the azimuth direction are also evident as vertical stripes of enhanced/reduced Doppler anomalies at the transition region between different subswaths. Apart from this, additional artifacts can also contribute to the biases. After the error correction in the azimuth and range directions, the root mean square (RMS) offset over land is reduced from 24.5, 21.4 and 25.5 Hz of the raw Doppler anomaly to 10.8, 9.3 and 12.2 Hz (Table 2 ). Yet, the Doppler anomaly may obtain incorrect values due to strong azimuthal NRCS gradients, influence of rain cells, and region close to land (Chapron et al., 2005; Rouault et al., 2010) , with a negative impact on the overall performance of the ASAR-derived surface current velocities. Removing these outlying values, the RMS offset over land is further reduced to 6.2, 6.1, and 5.3 Hz, respectively ( Table 2 ).The geophysical Doppler anomaly (Figs 3d and 4d) after the removal of the wind-induced signal is converted with Eq. (2) to the sur- In addition, a nesting of the local computational domain (28.3° to 34.3°N and 120.0° to 124.5°E), including the Changjiang Estuary within the FVCOM framework, gives a mesh of about 100 000 cells with a finest resolution of about 200 m located around the deep waterway structures. The surface current at the time of the ASAR WSM scene acquisition is calculated by interpolation over the 1 h resolution output of the model and superimposed on the results of the sea surface current retrieved from the ASAR WSM data (Figs 7a and b) .
Discussion
In this study, the Doppler method yields estimates with a resolution (azimuth, range) of about 8 km × 4 km. We adopt the convention that the positive range directed velocity values corresponds to the sea surface velocities away from the radar, whereas negative values indicate a flow towards the radar. There are a number of error sources that influence the accuracy of the Doppler velocities when retrieving sea surface Doppler velocities from ASAR images. Most of these errors are caused by the strong azimuthal NRCS gradients, the low radar incidence angle, the inaccuracy in wind field and the presence of rain cells. Note that the Doppler velocity estimates of the scene on 9 May 2006 are not included in the quantitative comparison, because of the apparent strong rain effects that limit the Doppler shift retrieval accuracy (Rouault et al., 2010) . is also encountered in the Hangzhou Bay area. At the time of image acquisition, the wind direction was northwest and the wind speed increased with the distance from the shore, from 8 to 11 m/s. This wind field exhibits a qualitative correlation with the SAR backscatter signal (not shown). This is particularly the case at about 2 h after a low tide at Sheshan, Niupijiao, and Dajishan Stations, when the tidal currents begin to increase. At the Tanhushan Station it happens exactly at the low tide, when the tidal currents should be low; yet the Doppler velocity is relatively strong according to the ASAR velocity map, which is probably caused by the underwater terrain and the combined action of the wind, the waves and the currents. Figure 6b shows the range Doppler velocity from the image acquired on 5 February 2005. The ASAR velocities at the scene acquisition time are mostly negative in the sector from 122.5°E to west, with a magnitude ranging from 0.2 to 1.2 m/s. This corresponds to a sea surface current moving to the west/ southwest. In the sector 122.5°E to east, the ASAR velocities are mainly positive, indicating a surface current towards east/ northeast. At the scene acquisition time, the wind directions were from the northeast, i.e., towards the antenna. The wind speeds ranged from 9 to 11 m/s. The areas of the strong negative Doppler velocity appear in the Hangzhou Bay. The ASAR velocity is −0.25 m/s at the Tanhushan Station, 40 min after a high tide. At the remaining four tidal stations, the values are quite variable even though they all occurred at some 2-3 h after the high tide. Therefore any Doppler velocity map such as Fig. 6b represents wind and current patterns in a rather complicated way. Local changes in the wind field complicate the geophysical interpretation of the Doppler velocity (Chapron et al., 2005) .
ASAR range Doppler velocities
The observed velocity fields in two cases demonstrate that the strongest is found in the Hangzhou Bay. Velocities there, amounting to 0.8-1.0 m/s, are mainly affected by the interaction between the Changjiang runoff and tide. As all three cases concern spring tide, the observed velocities represent the most intense flow. The capability of the ASAR to capture strong surface currents was also demonstrated in the Agulhas return current region (Rouault et al., 2010) . Large ASAR velocities, however, are always associated with strong gradients in the backscatter signal. If the bias correction of the Doppler shift anomaly in the azimuth direction is not sufficient, it negatively affects the range Doppler velocity estimation. Especially landsea boundaries this needs more attention and analysis.
The ASAR imaging geometry with respect to the velocity field is highly important to the quality of the Doppler retriev- als. The descending track configuration is well suited to capture the spatial variations of the current field in the Changjiang Estuary, since it measures the surface flow along a southeast/ northwest axis and Changjiang Estuary mouth is imaged at the high incidence angle of the ASAR (Fig. 6a) . 
Uncertainty analysis of ASAR Doppler velocities
When the strong Doppler variations go across the antenna lobe, a NRCS gradient will bias the f Dc to the Doppler emerging from the brighter part of the illuminated ground. This effect is most prominent in cases with large variations in the radar backscatter within the azimuth beamwidth of the SAR antenna (e.g., when the SAR is imaging a land-water boundary). Consequently, the estimated Doppler centroid could be distorted due to the relatively strong or weak intensity away from the center of the radar beam (Chapron et al., 2005; Li et al., 1985) . The residual strong velocity in the first Doppler pixel from the coast still contains an artifact from the imperfect correction of the azimuth bias from the NRCS gradient even if the azimuth bias has been corrected and mentioned before, so we removed these with an 10 km extended land mask in Figs 6a and b.
The RMS offset of these scenes after an error correction was found to be about 6.0 Hz, which corresponds to a horizontal Doppler velocity of about 24 cm/s at 40° incidence angle (in far range) and 48 cm/s at 20° incidence angle (in near range). In order to retrieve an accuracy of a surface velocity of less than 30 cm/s, the use of the incidence angle above 34° is required. This is demonstrated in Figs 7c and d. At low radar incidence angles, the backscatter signatures are stronger and dominated by larger and faster roughness elements . Consequently, the contribution of vertical motions to the velocity increases at low incidence angles, which make the ASAR horizontal velocity retrieval from the Doppler centroid anomaly more challenging (Fig. 6b) .
The sea surface wind fields obtained from blending of the National Center for Environmental Prediction (NCEP) and the European Centre for Medium-range Weather Forecasts (EC-MWF) have a spatial resolution on a global 0.25° grid and a time resolution of 6 h. We first interpolated these blended sea surface winds to the ASAR-derived spatial wind fields and acquisition time using the natural neighbor method. Comparisons between these blended sea surface winds and ASAR-retrieved wind vectors have shown an RMS error of about 8° in the wind direction and a wind speed difference of about 1 m/s. According to the CDOP, each of these wind-induced errors would result in a maximum error in an ASAR range velocity of about 0.1 m/s. Moreover, the ASAR surface current velocities are particularly sensitive to the inaccuracies in the wind direction; even small errors in the wind direction can significantly reduce the accuracy of the ASAR surface current velocity (Chapron et al., 2005; Johannessen et al., 2008; Rouault et al., 2010) . Thus, the wind vectors directly retrieved from the ASAR images, in turn, provide more consistent estimate of the ocean surface currents, mostly related to a more consistent wind speed, the wind direction being mostly driven by the first guess external atmospheric model.
Comparisons between ASAR and FVCOM velocities
Considering there is no simultaneous in situ observation data available, the comparisons between ASAR (both ascending and descending pass) and FVCOM velocities are provided to examine and assess the capability of the ASAR-based Doppler centroid anomaly measurements for the retrieval of the surface currents. The inspection of the FVCOM results exhibits the same general surface velocity field both in magnitude and direction (see The corresponding incidence angle is 27.5° and 24.0°, respectively; both are below a radar incidence angle of 30°. In this regard, we further calculate the average magnitude discrepancy between the ASAR Doppler velocities and the FVCOM results below and above 30° radar incidence angle. It is shown that the difference is 0.09 m/s on 31 January 2005 and 0.10 m/s on 5 February 2005 above incidence angle 30°; however it can increase to 0.24 m/s on 31 January 2005 and 0.18 m/s on 5 February 2005 below incidence angle 30°. This result corroborates the discussion outlined in the section of uncertainty analysis of the ASAR Doppler velocity and is also consistent with the previous findings (Chapron et al.,2005; Johannessen et al., 2008 ) revealing a sudden increase in the ASAR Doppler velocity error below a radar incidence angle of 30°.
In the FVCOM velocity field of 31 January 2005 (Fig. 7a) , the dominant flow direction is to the south-southwest in the sector eastward from 122.2°E. In comparison the ASAR observations only sense the surface current velocity in the range plain, towards west-northwest or east-southeast. Consequently, the ASAR range velocity is rather weak (<±0.15 m/s) in the region north of about 31.0°N. In contrast the FVCOM velocity map of 5 February 2005 (Fig. 7b) , mainly reveals motions towards east and northeast eastward from 122.5°E. This coincides well with the line-of-sight direction of the ASAR, at least south of about 31.5°N. Hence the extraction of the surface range Doppler velocity is more reliable and provides a better estimate of the real local sea surface current.
Although the Doppler velocity estimates contain spatial variations, a clear correlation exists between the local FVCOM current and the ASAR Doppler velocity at the Changjiang Estuary reaching 0.56 for the case of 31 January 2005 and 0.59 for the case of 5 February 2005. In comparison, reported a correlation coefficient between the ASAR-derived velocities and the recording current meter (RCM) as well as the AVISO range velocities for the Norwegian Atlantic slope current of about 0.62 and 0.56. In consistence with previous findings Johannessen et al., 2008; Rouault et al., 2010) , the accuracy of these measured Doppler velocity fields are influenced by the radar wavelength, the incidence angle, the polarization and the antenna footprint size. Nevertheless, the range Doppler-based surface velocity retrieval method can definitely be of help to retrieve mesoscale ocean dynamics and effectively reveal sea surface signatures associated with changes in the local environmental conditions.
Conclusions
The geophysical Doppler anomaly from the Envisat ASAR WSM scenes can be obtained using the Doppler centroid grid for the ASAR processing, since the attitude of the ASAR platform is well known (Chapron et al., 2005 ). Yet, biases are contaminating the Doppler centroid shift that, in turn, affects the retrieval of the range Doppler velocity. Careful corrections and bias removal are therefore highly needed to retrieve the reliable estimates of the range Doppler surface velocity and subsequently the surface current. The azimuth bias removal from the NRCS gradients and the range bias removal from the reference data have been presented for three different ASAR scenes at the Changjiang Estuary. The RMS offset of the corrected Doppler anomaly is approximately to 6.0 Hz, corresponding to a horizontal Doppler velocity of 29 cm/s at the 35° incidence angle.
The orientation of the Envisat ASAR tracks with respect to the Changjiang River outflow, together with the Changjiang Estuary imaged at the high incidence angle implies that the descending Envisat tracks are the most attractive for the range Doppler shift method. Moreover, the ASAR surface current velocities are particularly sensitive to inaccuracies in the wind correction. Using wind fields accurately retrieved from the ASAR images yields the most accurate retrieval of the ASAR surface current.
The intercomparison and validation of the ASAR-derived Doppler velocities against the surface velocity field derived from numerical ocean model simulations show promising results. The Doppler measurements therefore have the capability to derive the innovative estimates of the surface velocities at Changjiang Estuary. These Doppler-based velocity retrievals from the ASAR images of the Changjiang Estuary area are valu-able as they will contribute to revealing the multiscale dynamics around the East China Sea. Further processes and analyses of the Envisat ASAR data since 2005 have been helpful to examine and undertake routine monitoring of multiscale sea surface dynamics together with the in-situ measurement at the Changjiang Estuary. Furthermore, the ASAR Doppler velocities have the capability to provide sufficiently accurate spatial information for the validation of high resolution coastal models.
A new C-band SAR mission is planned for launch with the ESA Sentinel-1 satellite in May 2014. The Doppler grid will be an official product with a higher accuracy from this mission. Therefore, the potential to bring SAR single-antenna Doppler shift from research applications to an operational tool is likely to materialize in the near future.
